Five different immunoassay formats were examined for their ability to detect a minute quantity of prey remains in predator guts. The convergent lady beetle, Hippodamia convergens Gué rin-Meneville, that had consumed either one or five pink bollworm, Pectinophora gossypiella (Saunders), eggs was evaluated by the following immunoassays: three variations of enzyme-linked immunosorbent assay (ELISA), a dot blot, and a Western blot. Sandwich ELISA, dot blot, and Western blot were the most sensitive immunoassays based on the proportion of individual predators scoring positive for prey remains. The direct ELISA and indirect ELISA were ineffective at detecting prey in the predators. The advantages and disadvantages of each immunoassay format are discussed.
INTRODUCTION
At least a dozen different immunoassay formats have been used over the past half century to analyze arthropod guts for prey remains (Greenstone, 1996) . Early gut content immunoassays, such as single radial immunodiffusion, precipitin, or Ouchterlony assays, were effective, but time consuming and sometimes insensitive. Over the past 15 years more rapid and sensitive immunoassays, such as enzyme-linked immunosorbent assay (ELISA) and dot blot, have been developed (Crowther, 1995; Greenstone, 1996) . Currently the most commonly employed predator gut content immunoassay format is the ELISA. ELISA has many subtle variations (e.g., direct, indirect, and sandwich ELISA), each of which offers distinct advantages and disadvantages under certain circumstances. Currently, the indirect ELISA and dot blot when used with specific antipest monoclonal antibodies (MAb) are the most common immunoassays used for examining predator gut content (Stuart and Greenstone, 1990; Hagler et al., 1991 Hagler et al., , 1992 Hagler et al., , 1995 Hagler and Naranjo, 1994a,b; Greenstone and Hunt, 1993; Symondson and Liddell, 1993a,b) . While each of the immunoassay formats described above has distinct advantages and disadvantages for examining predator gut content, to date, no experimental data exist that directly compares the efficacy of all these various immunoassays.
This study was designed to evaluate the efficacy of several gut content immunoassays on whole-body homogenized adult lady beetles, Hippodamia convergens Guérin-Meneville that had consumed either one or five pink bollworm, Pectinophora gossypiella (Saunders), eggs. An indirect ELISA and a dot blot designed specifically to detect pink bollworm egg remains in arthropod guts have been described (Hagler et al., 1994; 1995) . The indirect ELISA was effective at detecting pink bollworm egg remains in most predator species, but was ineffective for detecting prey remains in the guts of H. convergens . The dot blot was more sensitive than the indirect ELISA, but was not practical for large-scale application because it was slower and more difficult to quantify. Recently, a conjugated secondary antibody specific to pink bollworm egg was developed (unpublished) . This antibody facilitated the development of a direct ELISA and a sandwich ELISA. In the present study, adult H. convergens that had eaten pink bollworm eggs were assayed by indirect ELISA, direct ELISA, sandwich ELISA, dot blot, and Western blot. This is the first time that a Western blot has been used to assay predator gut content. The efficacy of each immunoassay was evaluated.
MATERIALS AND METHODS
Feeding tests. Adult H. convergens were purchased from a supplier of beneficial insects (Nature's Control, Medford, OR). Before each of three trials, adults were starved but provided with water ad libitum for at least 24 h.
The first feeding test was designed to compare the efficacy of three different ELISA formats (indirect, direct, and sandwich), a dot blot, and a Western blot on whole-body homogenized H. convergens that had consumed a single pink bollworm egg. Adults were placed in a 9.0-cm petri dish containing several 2-3-day-old pink bollworm eggs. Individuals were closely monitored through a dissecting microscope. Immediately after a predator fed on one pink bollworm egg it was removed from the petri dish and held at room temperature (27°C) for one of nine time intervals (0 to 4 h at 30-min increments). These relatively short postfeeding holding intervals were selected because in a previous experiment it was determined that H. convergens have a short prey detection interval . After the holding time elapsed, individuals were frozen at Ϫ70°C, then immunoassayed for the presence of pink bollworm egg remains by each of the gut content immunoassays described below. The second test was conducted to estimate the efficacy of the indirect ELISA and sandwich ELISA on H. convergens that ate one pink bollworm egg. The methods were identical to those described above, except that the predators were held at either 30, 35, or 40°C after feeding. Additionally, because results of the first trial indicated that prey detection decreased considerably after 1 h, the postfeeding holding intervals were decreased to 15-min intervals for only 1 h.
The third test was conducted to estimate the efficacy of the indirect ELISA and sandwich ELISA on H. convergens that ate five pink bollworm eggs. The predators were held at either 30, 35, or 40°C after feeding with a maximum holding time of 1 h (with 15-min increments).
Sample preparation. Individuals of H. convergens were homogenized in 500 µl of phosphate-buffered saline (PBS). An aliquot from each sample from the first feeding trial was assayed by each of the immunoassays described below (except for the Western blot, see below). An aliquot from each sample in the second and third feeding tests was assayed by the indirect ELISA and sandwich ELISA described below. The optimal volume of sample used for each immunoassay was determined from unpublished pilot studies.
Negative predator controls. H. convergens known not to contain any pink bollworm egg antigen were assayed by each of the immunoassays described below. For each of the ELISAs, a predator that had fed on pink bollworm egg(s) was scored positive for the egg prey remains if its absorbance value exceeded the mean negative control reading by three standard deviations (Schoof et al., 1986; Sutula et al., 1986) . The color yielded from each predator assayed by dot blot was measured with a Minolta Chroma-Meter (Model CR-221; Minolta Corp., Ramsey, NJ). Hue values registered on a Chroma-Meter range from 0 (black) to 100 (white). Therefore a positive immunoreaction (purple) on a dot blot yields a value lower than that of a negative immunoreaction (white). Predators were scored positive for pink bollworm egg remains if the hue was three standard deviations below that of the mean negative predator control reading (Hagler et al., 1995) . Western blots were visually scored as positive if at least one band was visible on the nitrocellulose membrane.
Immunoassays. Thorough optimization studies were conducted for each of the immunoassays described below. Only the methods that yielded the best results from our optimization studies were used for this study. All incubations were at 27°C unless otherwise noted.
Indirect ELISA. An indirect ELISA was performed on each of the predators from all three feeding trials. A 100-µl aliquot of each macerated predator was placed in an individual well of a 96-well assay plate (Falcon Pro-Bind 3915). Each plate was incubated at 4°C overnight. Following incubation, the insect macerates were discarded from each plate and a 360-µl aliquot of 1% nonfat dry milk in distilled water (blocking solution) was added to each well for 30 min to block any unoccupied antigenic sites in the wells. The blocking solution was emptied from each plate and a 50-µl aliquot of anti-pink bollworm MAb ascitic fluid diluted 1:100,000 in nonfat milk was added to each well of the ELISA plate (Hagler et al., 1994 ). The ELISA plates were then incubated for 1 h. The contents from each plate were discarded and the plates were briefly rinsed three times with PBS-Tween 20 (0.05%) and twice with PBS. Goat anti-mouse IgG/IgM conjugated to alkaline phosphatase (BioSource Int., Camarillo, CA, Cat. No. AMI0705) diluted (1:500) in blocking solution was added to each well (50 µl) of the plates for 1 h. Plate contents were discarded and rinsed as described above. A 50-µl aliquot of substrate solution was added to each well using the reagents supplied in an alkaline phosphatase substrate kit (BioRad Laboratories, Richmond, CA, Cat. No. 172-1063) . After 4 h, the absorbance of each well was measured with a Cambridge Technology Model 750 (Waterton, MA) microplate reader set at 405 nm. The percentage of predators scoring positive for pink bollworm egg remains was tallied for each time interval and temperature treatment in all three feeding trials.
Sandwich ELISA. A sandwich ELISA was performed on each predator from all three trials. Before a sandwich ELISA (and a direct ELISA) was performed, a pink bollworm secondary MAb conjugated to alkaline phosphatase was developed using an ImmunoPure maleimide activated alkaline phosphatase kit (Pierce, Rockford, IL, Cat. No. 31493) . Each well of a 96-well ELISA microplate was first coated with 100 µl of anti-pink bollworm MAb (primary MAb) ascites fluid diluted 1:100,000 in blocking solution and incubated overnight at 4°C. The pink bollworm MAb was discarded, plates were blocked as described above, and a 100-µl aliquot of the homogenized predator sample was incubated in each well for 1 h. Predator samples were then discarded, the plates were washed as described above, and a aliquot (50 µl) of anti-pink bollworm MAb conjugated to alkaline phosphatase (secondary MAb) diluted to 1:30,000 in blocking solution was incubated in each well for 1 h. Plate contents were discarded and the plates were rinsed as described above. A 50-µl aliquot of substrate solution was added to each well using the reagents supplied in the alkaline phosphatase substrate kit described above. After 24 h the absorbance of each well was measured with a microplate reader set at 405 nm. The percentage of predators scoring positive for pink bollworm egg remains was tallied for each time interval and temperature treatment in all three feeding trials.
Direct ELISA. A direct ELISA was performed on each of the homogenized predators from the first feeding trial only. A 100-µl aliquot of each macerated predator was placed in an individual well of a 96-well assay plate. Each plate was incubated at 4°C overnight. Following incubation, the insect macerates were discarded and a 360-µl aliquot of blocking solution was added to each well for 30 min to block any unoccupied antigenic sites in the wells. The blocking solution was emptied from each plate and a 50-µl aliquot of anti-pink bollworm MAb conjugated to alkaline phosphatase (secondary MAb) diluted 1:30,000 in nonfat milk was added to each well of the ELISA plates for 1 h. Plate contents were discarded and rinsed as described above. A 50-µl aliquot of substrate solution was added to each well using the reagents supplied in the alkaline phosphatase substrate kit described above. After 24 h, the absorbance of each well was measured with a microplate reader set at 405 nm. The percentage of predators scoring positive for pink bollworm egg remains was tallied for each time interval in the first feeding tial.
Dot blot immunoassay. A dot blot immunoassay was performed on all homogenized predators from the first feeding trial only. The dot-blot assay consisted of pipetting a 20-µl aliquot of a homogenized predator sample onto a clean, dry 0.45-µm sheet of nitrocellulose membrane. After drying (ca. 30 min), the membrane was submerged in 100 ml of blocking solution for 1 h to block nonspecific binding sites. The blocking solution was discarded and the membrane was briefly rinsed three times in PBS-Tween 20 and twice in PBS. The membrane was then soaked for 1 h in 25 ml of an anti-pink bollworm MAb ascites fluid diluted 1:100,000 in blocking solution. After incubation, the MAb was discarded, the membrane was then briefly rinsed as described above, and soaked in 25 ml of goat antimouse IgG/IgM antibody conjugated to alkaline phosphatase diluted to 1:500 in blocking solution. The conjugated antibody was discarded and the membrane was rinsed as noted above, then incubated in substrate solution for 15 min using the reagents supplied in an alkaline phosphatase substrate kit (BioRad Laboratories, . The percentage of predators scoring positive pink bollworm egg remains was tallied for each time interval in the first feeding trial.
Western blot immunoassay. A Western blot immunoassay was performed on 18 individuals that had consumed one egg (and assayed immediately after feeding) and 18 negative control individuals. SDS-PAGE was performed on these individuals using the methods originally described by Laemmli and Favre (1973) . Briefly, a 40-µl aliquot of homogenized predator sample was added to individual wells of a 4-15% SDS-PAGE minigel and run at a constant voltage of 200 V for 30 min at room temperature. The minigels (Cat. No. 161-0902) and the running buffer (Cat. No. 161-0732) were purchased from BioRad Laboratories. Polypeptides from the SDS-PAGE gels were electrophoretically transferred onto a 0.45-µm nitrocellulose paper using a BioRad transblot SD semi-dry transfer cell (Cat. No. 165-2941 ) and electroblotted at 27°C at 15 V for 30 min as originally described by Towbin et al. (1979) . The transfer buffer consisted of 25 mM Tris, 192 mM glycine, and 20%, v/v, methanol.
The protein-transferred nitrocellulose membrane was immunoblotted against the pink bollworm MAb by soaking 30 min in blocking solution, washing three times with PBS-Tween, and twice with PBS, then incubating in MAb ascitic fluid diluted 1:100,000 in blocking solution for 1 h. The nitrocellulose was removed and washed as described above. The nitrocellulose was soaked for 1 h in a 1:500 (v/v) dilution of goat anti-mouse IgG antibody conjugated to alkaline phosphatase. The conjugated antibody was discarded and the membrane was rinsed as noted above, then incubated in substrate solution for 15 min using the reagents supplied in an alkaline phosphatase substrate kit (BioRad Laboratories, . Because of the expense and labor intensity of running Western blots, only 18 randomly selected individuals that had consumed one egg at the 0-h treatment in Trial 1 and 18 negative control individuals were assayed. Individuals were assayed by one technician and visually scored as positive or negative by J.R.H. in a blind choice test.
RESULTS AND DISCUSSION
Whereas a wide variety of predator gut content immunoassays have been used over the past half century (Greenstone, 1996) , very few studies have directly compared the efficacy of any of these various immunoassay formats (Stuart and Greenstone, 1990; Hagler et al., 1995) . In this study, three commonly used ELISA formats, a commonly used dot blot, and a novel Western blot were examined for efficacy at detecting pink bollworm egg remains in adult H. convergens.
In the first feeding test, three ELISA formats and a dot blot were qualitatively evaluated on H. convergens that ate a single pink bollworm egg. There was considerable variation in the efficacy of the immunoassays. The sandwich ELISA and dot blot yielded the highest frequency of positive immunoreactions (Fig. 1) . The sandwich ELISA was the only assay that successfully detected a single egg in all of the individuals assayed immediately after feeding. Overall, the dot blot was slightly more effective than the sandwich ELISA, particularly at and beyond the 1.0-h holding time. The indirect and direct ELISAs yielded the highest proportion of negative immunoreactions, suggesting that they are ineffective at detecting the presence of a small quantity of prey in whole-body homogenized predators (Fig. 1) . None of the immunoassays examined in the first feeding trial were very effective at detecting an egg in predators held for more than 2.0 h after feeding.
Generally, the probability of obtaining a negative immunoreaction increased as the time elapsed since feeding increased (Fig. 1) . The high incidence of negative immunoreactions over time can be attributed to antigen decay due to predator digestion (McIver, 1981; Sopp and Sunderland, 1989; Hagler and Cohen, 1990; Symondson and Liddell, 1993b ; many others) and immunoassay insensitivity. Previously we determined that H. convergens has a shorter prey retention half-life (Ͻ30 min), and subsequently a higher incidence of ''false'' negative immunoreactions (ca. 60%), than smaller predators like Geocoris punctipes (Say) (0.9 h and ca. 10% false negative immunoreactions) and Orius insidiosus (Say) (13.5 h and 0% false negative immunoreactions) . These differences were attributed, in part, to the predator to prey protein ratio present in the homogenized predator samples .
In the second feeding test the efficacy of the indirect and sandwich ELISA was examined. In this trial, the temperature varied and the interval was decreased to every 15 min for up to 1 h. Again, the sandwich ELISA was more effective (except at the 45 min, 40°C treatment) than the indirect ELISA for detecting a single pink bollworm egg (Fig. 2) . While in the first feeding trial all of the predators examined by sandwich ELISA scored positive immediately after feeding (Fig. 1) , only 60% scored positive in this trial (Fig. 2) . This discrepancy might be attributed to day-to-day variability of the ELISA (Fenlon and Sopp, 1991) , the age of the egg consumed (Hagler et al., 1992) , observer error during the monitoring of feeding, or a combination of these factors. The ambient air temperature that the predators were exposed to after feeding had little effect on the efficacy of the ELISAs. This contradicts several previous studies that showed that the length of prey retention decreased as temperature increased (McIver, 1981; Fichter and Stephen, 1981; Lovei et al., 1985; Hagler and Cohen, 1990; .
The third feeding test was similar to the second trial with the exception that the predators ate five eggs. The indirect ELISA yielded poor results regardless of a predator's meal size or after-meal exposure temperature (Figs. 2 and 3) . The sandwich ELISA was effective at detecting prey remains in predators that ate five eggs and were held at 30°C (Fig. 3) for up to 45 min after feeding. However, at a temperature above 30°C there was a higher frequency of negative immunoreac- tions (Fig. 3) . As the holding temperature and holding time increased, the probability of obtaining negative reactions increased (Fig. 3) .
Data from these studies suggest that the dot blot and sandwich ELISA were the most effective of the conventional immunoassay formats tested for detecting minute traces of prey in adult H. convergens. Other studies have shown that the blot was slightly more effective than ELISA for detecting prey remains (Stuart and Greenstone, 1990; Hagler et al., 1995) . However, there are two major drawbacks associated with analyzing predators by dot blot. Dot blots require more immunoreagents (unless a cumbersome dot blot apparatus is used) and are more difficult to quantify than ELISA. To date, the dot blot has been quantified using a scanning densitometer and a Chroma-Meter (Hagler et al., 1995) . Unfortunately, these instruments are not practical for large-scale applications because they are expensive and labor intensive.
Many studies suggest that the indirect ELISA is the most sensitive of the three ELISA formats examined in this study (Crook and Payne, 1980; Greenstone, 1996) . Under most circumstances this is true. However, our results suggest that the sandwich ELISA is more effective for identifying prey in adult H. convergens (Figs. 1-3) . We have found that the indirect assay is effective for predator gut content analyses on most predator species . However, the sensitivity of the indirect ELISA decreased as the size and the total protein concentration of the predator increased. The qualitative outcome of the indirect ELISA (based on the percentage of positive responses) is negatively affected when protein concentrations of each predator sample exceeds 125 µg. Homogenized predator samples that contain more than 125 µg of protein consistantly yield negative reactions. Conversely, samples containing less than 125 µg of protein (small predators) rarely yield false negative reactions. Therefore, small whole-body macerated predators can be assayed effectively by indirect ELISA whereas large predators (i.e., H. convergens) cannot . Crook and Payne (1980) also found that the sandwich ELISA was more effective than the indirect ELISA as nontarget protein concentrations increased. Greenstone and colleagues have used a sandwich ELISA to effectively analyze predator gut contents using a MAb specific to Helicoverpa zea (Boddie) (Greenstone and Morgan, 1989; Stuart and Greenstone, 1990) .
Another immunoassay examined in this study was the Western blot. A representative Western blot revealed two distinct banding zones for the serologically positive predators and no bands for the negative control predators (Fig. 4) . In a blind controlled choice test, 33 out of the 36 predator samples (18 positive predators and 18 negative predators) were correctly identified even when they consumed a single pink bollworm egg. This precision (91.7%) compares favorably with the results obtained from the dot blot and sandwich ELISA for predators that consumed a single egg and were assayed immediately after feeding (Figs. 1 and 2) .
Fundamentally, a Western blot is similar to dot blot. The main difference is that for a Western blot, sample proteins are first separated by SDS-PAGE and then electrophoretically transferred onto a nitrocellulose membrane. Once the proteins have been transferred to the nitrocellulose, the Western blot procedure is almost identical to dot blot. Additionally, a Western blot can accommodate a greater quantity of sample protein (i.e., 100 µg) than a dot blot (i.e., 10 µg) (Stuart, personal communication) .
Western blotting has potential advantages over conventional gut content immunoassays. A single Western blot could be used to identify multiple prey species in the gut of an individual predator. In previous studies, multiple probes of predator guts have been conducted to detect different prey species in an individual predator using highly specific MAbs. In these studies, two separate ELISAs were performed on each individual using an anti-Bemisia argentifolli (Bellows & Perring) (formerly known as B. tabaci, strain B) and an anti-P. gossypiella MAb (Hagler and Naranjo, 1994a,b) . A single Western blot could be substituted for the two ELISAs by pooling the MAbs and incubating them against an individual predator sample. MAbs are specific to unique epitopes, which may vary in molecular weights (unpublished data). Therefore the banding pattern yielded by a single Western blot could reveal multiple feeding events. In the hypothetical example shown in Fig. 5 , the banding pattern of a predator that has eaten a silverleaf whitefly, B. argentifolli egg is shown in lane 1 (unpublished data), the banding pattern of a predator that has eaten a pink bollworm egg is shown in lane 2 (Fig. 4) , and the banding pattern (hypothetical) of a predator that has eaten both prey species is shown in lane 3. Lane 3 reveals the banding patterns characteristic of both prey species. Another potential advantage of Western blot includes analyzing the gut contents of small predators (e.g., O. tristicolor nymphs) that consume a minute quantity of prey. For example, multiple probes of an individual predator's gut could be analyzed by Western blot using as little as 5 to 40 µl of predator sample buffer. If multiple ELISAs were used, a minimum of 50 µl of predator sample buffer per ELISA would be required. The feasibility of using a Western blot for predator gut content analyses is a research area currently under further investigation (J. R. H. in preparation). While the Western blot has potential as a gut content immunoassay, it should be noted that it may not be practical for most studies. A Western blot assay is very laborious, time consuming, and costly.
A summary of some of the advantages and disadvantages of each immunoassay format as they apply to my   FIG. 4 . Banding pattern by a typical Western blot for adult H. convergens that ate one Pectinophora gossypiella egg and was assayed immediately after feeding. Positive immunoresponses are represented in lanes 1, 4, 6, and 9. Negative immunoresponses are represented in lanes 2, 3, 5, 7, and 8. research objectives (i.e., assaying many predators per day with minimal false positives and false negatives, and maximum time efficiency) are given in Table 1 . Ultimately, each investigator needs to determine which immunoassay format is best for his or her research objectives. Preferences on which immunoassay format to use will depend on the long and short term research objectives, the characteristics of the predator and prey complex under investigation, the research budget, and the amount of technical support available. For excellent reviews of the advantages and limitations of predator gut content immunoassays see Greenstone (1996) and Sunderland (1996) .
In summary, this study and others suggest that there is an enormous amount of variation inherent in predator gut content immunoassays. This variation makes quantification of predation impossible. Moreover, qualitative evaluations of predation are difficult because it is hard to standardize any given gut content immunoassay. Variations in the day to day outcomes of any given immunoassay (Fenlon and Sopp, 1991) , in immunoreactivity between different predator species (Lovei et al., 1985; , in postfeeding temperature (McIver, 1981; Sopp and Sunderland, 1989; Hagler and Cohen, 1990) , in immunoreactivity between predators that have consumed a different amount of prey (McIver, 1981; Sopp and Sunderland, 1989; Lovei et al., 1990; , in prey digestion rate between different predator species (Fichter and Stephen, 1981; Lovei et al., 1985) , and in the immunoreactivity of the prey consumed (i.e., young pink bollworm eggs are more immunoresponsive than old eggs) (Hagler et al., 1992) will all effect the outcome of a gut content immunoassay. All of these variables combined with the immunoassay format selected will affect the quantitative and qualitative outcome of gut content immunoassays. 
